Abstract -A feeding trial was conducted to define the optimal mixtures of either sunflower oil (SFO) or linseed oil (LO) with fish oil (FO), in fish meal (FM) based diets for gilthead seabream (Sparus aurata) fingerling, without significant effect on fish performance, fatty acid composition and liver structure. The trial lasted nine weeks with 420 fish (∼4.0 g) testing seven isonitrogenous (∼48% CP) and isolipidic (∼18% L) diets contained three incremental inclusions of either SFO or LO (40, 48, ) and the only-fish oil control (CTRL) diet. Results showed that the combination of 32 g fish oil plus 48 g of either SFO or LO kg −1 diet as the lipid source had performed the best among all. Fatty acid (FA) composition of muscle lipids evidenced that specific fatty acids were selectively retained or utilized. Diet induced-changes in hepatic morphology with vegetable oil inclusion level were further described. Linolenic acid (α-LNA, n-3) had led to less pronounced steatosis symptoms than linoleic acid (LOA, n-6) in liver cells. This study provides sound support for the use of preferably sunflower oil then linseed oil as a complementary lipid resource (48 g kg diet −1 ) with marine fish oil in gilthead seabream fingerling diets. Therefore, represents novel data on the potential of using sunflower oil (SFO) as a possible dietary partial substitute of fish oil for the species. 
Introduction
The importance of lipids, in aquaculture feeds, as a major source of energy and essential fatty acids neccessary for optimal fish growth is well documented. In marine fish Correspondence: elamalywa2007@yahoo.com farming, the fish oil (FO)-added diets, containing high levels of omega-3 longchain polyunsaturated fatty acids (ω-3 LcPUFA), are considered essential for carnivorous species. However, the demand and price for FO has been increasing with the world wide expanding of aquaculture concomitant with the wild fisheries shortfall in recent years. As sustainable sources of fish oils become more limiting to the expanding demand for aquaculture feeds, there is an increasing imperative to identify alternative lipid resources suitable for use in aquaculture feeds. There are a range of alternatives that have already been examined and each has some potential, although few are ideal and most have little if any LcPUFA content (Glencross, 2009) . Plant/vegetable oils (VO) are promising and sustainable source as FO-substitutes in aquafeeds, because of their wide availability and competitive price although their use is limited by deficiencies in ω-3 LcPUFA essential for carnivorous species. Extensive research effort on the use of vegetable oils as dietary lipid source in compounded aquafeeds for several marine fish species are already ongoing and are reviewed by Turchini et al. (2009 Turchini et al. ( , 2010 and Glencross (2009) 
The sparid gilthead seabream, Sparus aurata, is one of the most valuable finfish species commercially produced in Mediterranean mariculture industry where formulated feed is the main production cost. Previous studies on nutrition of this species have highlighted the importance of fish oil as a major constituent in their feeds. However, continuous efforts have been directed towards evaluation of different vegetable oils, either singly or in combination, as FO-substitutes for the species (Alexis, 1997; Benedito-Palos et al., 2008 , 2009 , 2011 Diaz-Lopéz et al., 2009; El Kerdawy and Salama, 1997; Izquierdo et al., 2003; Menoyo et al., 2004; Wassef et al., 2007 Wassef et al., , 2009 Wassef et al., , 2012 Wassef et al., , 2014 . The most commonly investigated vegetable oils, in these earlier research, were: soybean oil (SBO), linseed oil (LO), rapeseed oil (RO), and to a lesser extent palm oil (PO) and olive oil (OO). Linseed oil has an exceptionally favorable fatty acid (FA) composition with a high linolenic acid (LNA, 18:3 n-3) content, of nearly 60% α-LNA, compared with 25% for plant oils generally (Nykter et al., 2006) . Both sunflower oil (SFO) and linseed oil (LO) are available worldwide as well as locally, and both are used widely in human food industry, but the latter is more expensive than the former. Despite, LO have already been studied, either singly or mixed, within highly energetic (25% L) fish meal (FM)-based diets (Izquierdo et al., 2003) or plant-protein rich diets (Benedito-Palos et al., 2008) for gilthead seabream, the high level of n-3 LNA makes this oil relatively unique in being able provide dietary n-3 PUFA at a potentially cost effective rate. On the other hand, reports on using sunflower oil (SFO) as a possible substantial partial substitute for dietary fish oil were mostly limited to Atlantic salmon, Salmo salar (Bell et al., 1993; Bransden et al., 2003; Menoyo et al., 2007; Torestensen et al., 2000) , and European seabass, Dicentrarchus labrax (Yildiz and Sener, 2004) . Moreover, the high levels of dietary fish oil substitution up to 80% or 100% in gilthead seabream feeds had evidenced to result in a remarkably reduced growth performance and feed utilization efficiency and increased feed conversion ratio as well as liver weight and lipid content (Glencross, 2009; Izquierdo et al., 2005; Menoyo et al., 2004; Nasopoulou and Zabetakis, 2012) . Nevertheless, besides growth parameters, it is increasingly important to evaluate the effects of FO substitution on fat deposition in liver cells. It is well documented that lipid metabolism is mainly regulated by the liver, including both the synthesis and degradation of fatty acids. Thus, imbalance in the dietary fatty acids (FAs) could modify the functioning and morphology of the organ. In addition, liver functions as a main energy reservoir, frequently in the form of triglycerides (TAG) in gilthead seabream (Kaushik, 1997) . Thus, an imbalance in the dietary fatty acids could modify the functioning and morphology of the organ. In fish, high inclusion levels of vegetable oils as a dietary lipid source have also been previously associated to degenerations in liver histological structure (Alexis, 1997), resulting in signs of lipoid liver disease (Caballero et al., 2004) . Therefore, the present study was conducted to evaluate the effect of incremental levels of either SFO or LO as dietary FOsubstitutes on growth performance, fish quality (nutrients and muscle FA composition) and liver histological structure of gilthead seabream fingerlings.
Material and methods

Fish and facilities
A nine-weeks feeding trial was conducted in Fish Nutrition Lab (NIOF), Alexandria, Egypt, with 420 gilthead seabream (S. aurata) fingerlings (BW i , 4.00 ± 0.29 g fish −1 ) obtained from a local marine fish hatchery. Fish were acclimatized to laboratory conditions for 2 weeks prior to feeding trial initiation, during which they were fed a commercial diet (40% CP, 18% L). Fish were then allocated into 21 tanks (250 L each) in groups of 20 fish per tank, as triplicates for seven dietary groups/treatments. Tanks were supplied with constantly flowing natural seawater (10 L min −1 , salinity 37-39 ppt) and continuous aeration (DO > 8 mg L −1 ). During the experimental period mean ambient temperature was 25.3 ± 0.5
• C and natural photoperiod was close to 14 h day −1 .
Experimental diets
Seven isonitrogenous (∼48% CP) and isolipidic (∼18% L) fish meal (FM)-based diets were formulated from same ingredients with the exception of the lipid source, and FO was added at a level of 80 g kg −1 . A control, 100% FO diet (CTRL) was firstly prepared and then 6 additional diets were prepared by replacement of 50, 60 or 70% of added-FO by either linseed oil (LO) or sunflower oil (SFO) singly in diets designated as LO50 or SFO50, LO60 or SFO60 and LO70 or SFO70 respectively. All diets were produced in the laboratory as extruded pellets as described earlier in details by Wassef et al. (2009) , stored at −20
• C before being used. Fish were hand fed as two meals per day, six days a week close to apparent satiety, and daily feed intake was recorded. Composition and proximate analysis of experimental diets was given in Table 1 . Fatty acid profile of the lipid sources used and of the seven experimental diets were further given in Tables 2 and 3 respectively.
Sampling and data collection
At the beginning and at the end of the experiment, all fish were moderately anaesthetized with cloves oil (0.025 mg L −1 ) individually measured (Total length, mm), weighed (BW, 0.5 g) and only at end, liver and viscera were carefully removed and accurately weighed (0.01 g). Mean initial (BW i ) and final body weights (BW f ) were then recorded for each A201, page 2 of 12 E.A. Wassef et al.: OCL 2015, 22 (2) A201 dietary group. Hepatosomatic and viscerosomatic indices (HSI and VSI) were calculated, for each individual fish, as the percentage of either liver or viscera mass to fish mass respectively and condition factor (K) as the percentage of total weight to cube of length (100 BW / length 3 ). Fish within each tank were collectively weighed at biweekly intervals to monitor growth rates. No mortality was recorded throughout the experimental period. At the beginning (initial) altogether nine fish per treatment and at the end of the trial three fish from each tank were randomly sampled, and killed by sudden-icing, for biochemical analyses. Muscles was obtained and homogenized under icing (using an EDMUND BÜHLER, HO4/A, Tubingen, Germany) and subjected to proximate composition and fatty acid analyses.
At end of the trial, daily feed consumption was calculated for each treatment. The following growth and feed utilization indices were calculated for all fish in each dietary group (n = 60): total weight gain (WG, g/fish) = BW f -BW i , daily weight gain (DWG, g/fish/d) = WG/d (days of experiment), feed conversion ratio [FCR = (total feed consumption (dry weight, g) × (fish biomass increment (live weight, g)
−1 ], protein efficiency ratio [PER = (fish biomass increment, g) × (food protein consumption, g)
−1 ] and protein productive value (PPV = 100 × protein gain/protein fed) for the total experimental period. Gross energy (GE) was calculated from the chemical composition using energy conversion factors: 23.4 MJ Kg −1 protein, 39.2 MJ Kg −1 lipids, and 17.2 MJ Kg −1 carbohydrates (Goddar, 1996) , whereas level of carbohydrates was calculated based on the difference [100 -(water + lipids + protein + ash)] (Shearer, 1994) .
Analytical procedures
Proximate analysis of diets and fish muscles were carried out on 3 fish per tank (9 per treatment) according to AOAC (1995) standard methodology on wet weight basis. Dry matter content was determined after drying samples into an oven at 105
• C until constant weight. Crude protein was determined as Nitrogen content (N × 6.25) by Kjeldahl method, using a semi-automatic Kjeldahl (VELP Scientifica, UDK 126) after acid digestion. Total lipids (TL) content was obtained by extraction of samples with a mixture of chloroform and methanol (2:1 v/v) in a Soxhelt apparatus basically as described by Folch et al. (1957) . The solvent was removed in a rotary evaporator (BUCHI, Rota vapor R-210/R-215, Flawil, Switzerland), desiccated overnight, and total lipids (TL) was determined gravimetrically. Ash was analyzed by burning oven-dried samples in a muffle furnace at 550
• C for 16 h.
Fatty acids analysis
Fatty acid (FA) content of tested lipid sources (FO, LO, SFO), and total lipid extracts from diets and fish muscles from each dietary group were determined at start and end of the feeding trial. Fatty acids were converted to methyl esters (FAMS) from at least two aliquots of total lipids each by acid-catalyzed transmethylation with sulphuric acid in methanol overnight at 50
• C (Christie, 1982) . FAMS were purified Thin-Layer Chromatography (TLC) using hexane/diethylether/acetic acid (85:15:15 v/v) as solvent (Tocher and Harvie, 1988) . Separation of FAME was conducted in a HP 8690 Gas Liquid Chromatography (GLC) equipped with a flame ionization detector (FID), a cross-linked silica capillary column HP-5 (30 m × 0.32 mm, i.d., 0.25 μm film thickness) (Hewlett-Packard, CA, USA), and on-column injection and using helium as the carrier gas. Initial temperature programming was as follows: 150
• C, held for 2 min, rising to 200
• C/min and then to 250
• C and held for 9 min. Peaks were recorded in a personal computer. To identify individual fatty acids an authentic standard FAs (Sigma Chemicals, St. Louis, USA) were used. Results were expressed as weight percentage of each FA to the total fatty acids in the analyzed sample.
The relative abundance of individual fatty acids (FA) of fish oil (FO) and the two tested vegetable oils (linseed oil, LO and sunflower oil, SFO) is given in Table 2 . SFO contains higher levels of n-6 polyunsaturated fatty acids (PUFA) than LO with linoleic acid (LOA, 18:2 n-6) dominating at approximately 56% of total FAs, while the latter has a higher proportion (58.6%) of linolenic acid (α-LNA, 18:3 n-3). SFO has a relatively higher content of total saturated (SFA, mainly 16:0) and monounsaturated fatty acids (MUFA, specially 18:1n-9, n-7), than LO. Fish oil/CTRL diet contained the highest MUFA and n-3 LcPUFA, primarily ecosapentenoic acid (EPA) and docosahexaenoic acid (DHA) and the lowest level of total PUFA, especially the n-6 group.
Liver histology
At end of the feeding trial, 3 random liver portions from each fish sampled (9 per treatment) were fixed in 10% neutral formalin solution, dehydrated in ethanol series, embedded in paraffin wax, cross-sectioned at 4 μm, stained with Hematoxylin and Eosin (H and E), and light-microscopically examined at magnification × 400 and × 1000.
Statistical analysis
All results are presented as means standard deviation (SD) (n = 60 for growth performance-, n = 9 for proximate composition-and n = 3 for fatty acid-analyses). Statistical testing to verify differences between control group and each of the 3 inclusion level of either vegetable oil separately (i.e. CTRL, LO50, LO60, LO70 or, CTRL, SFO50, SFO60, SFO70) was carried out using a one-way ANOVA followed by Tukey's multiple comparison test. Differences between means was reported significant if P ≤ 0.05 and highly significant if P ≤ 0.01, and the former level was only considered for fatty acid composition of fish muscles. The statistical analysis was performed using the SPSS package, version 16 (SPSS Inc., Chicago, IL, USA).
Results
Fatty acid composition of tested lipid sources and experimental diets
The content of total lipids (TL) in all experimental diets was almost similar (17.2-18.1% DM), but their fatty acid composition were clearly different (Tab. 3). Linoleic acid (LOA), linolenic acid (α-LNA), ecosapentenoic acid (EPA) and docosahexaenoic acid (DHA) were strongly influenced by diet treatment. As expected, total n-3 LcPUFA content gradually decreased and n-6 PUFA gradually increased within the experimental diets with each elevation of either LO or SFO incorporation level. Estimated amount of n-3 LcPUFA in the VO-added diets was 5.5-11.1% (DM of total FAs), and EPA plus DHA level (3.5-8.4% respectively) was considered satisfactory to cover the theoretical requirements of this species juvenile. Mainly due to the different LOA and α-LNA contents of the plant oil used, the n-3/n-6 ratio markedly differed among the experimental diets, ranging from 0.27 in the SFO70 diet to 3.78 in LO50 diet versus 3.36 of CTRL diet (Tab. 3).
Growth performance and feed utilization efficiency
Growth and feed utilization and indices of gilthead seabream fed the experimental diets over 9 weeks are shown in Table 4 . It is obvious that, all diets were well consumed by experimental fish regardless of their lipid source or inclusion level. Dietary LO or SFO incorporation had no significant (P > 0.05) effect on total or daily feed intake, (FI or DFI respectively), however, both values were the lowest in fish fed the highest level of VO. As a general observation, SFO-fed fish performed better growth and feed utilization, at all inclusion levels, than the corresponding of LO-fed fish, indicating a relatively better efficacy and utilization of the former diets than the latter in this context. The highest final body weight (BW f ), live weight gain (WG) and the lowest feed conversion ratio (FCR) were recorded for fish fed the SFO50 then LO50 diets (40 g kg −1 diet) comparable (P > 0.05) to those of CTRL fish. Despite the significant (P < 0.05) reduction in weight gain (WG) observed when fish fed either SFO60 or LO60 diet (48 g VO kg −1 diet), weight gain was almost similar in both VO50 and VO60 dietary groups (P > 0.05). This was in agreement with the absence of significant (P > 0.05) differences in their daily weight gain (DWG) from CTRL (Tab. 4).
Condition factor (K) and hepatosomatic index (HSI), remained constant (P > 0.05), whereas viscerosomatic index (VSI) significantly (P < 0.05) increased with the elevation of dietary vegetable oil compared to CTRL fish. Moreover, there were no significant (P > 0.05) influence of SFO-diets on feed conversion (FCR) or protein efficiency (PER) ratios, whilst those ratios were both reduced (P < 0.05) for only LO70-fed fish. Likewise, protein productive value (PPV) was also lowered (P < 0.01) in VO60 and VO70 dietary groups, particularly for the LO70-fed fish. Therefore, in terms of growth and feed efficiency, the best performed diets were SFO50 then LO50, with a combination of 40 g FO plus 40 g VO kg −1 diet, with no negative effects at all, followed by SFO60 and LO60, contained 32 g FO and 48 g VO kg −1 with no significant difference among them (VO50 and VO60). The worst diets among all were those contained only 24 g FO and 56 g VO kg −1 diet (Tab. 4).
Muscle major nutrients composition
At end of growth trial, protein content (%CP) of fish muscles showed no major influence (P > 0.05) from the diet except for LO60 and LO70-groups, which recorded about 15.6% and 17% reduction respectively relative to that of CTRL (Tab. 5). In the mean time, variation in protein content between LO60 and LO50 fish groups was not significant (P > 0.05). It is also noted that, protein content of SFO-fed fish was comparatively higher than the corresponding for LO-fed fish, at all inclusion levels, with SFO50 fish having the highest value among all. In contrast, total lipids (TL) increased with each dietary elevation in vegetable oil level, more obvious for LO-fed groups, and differences were significant (P < 0.05) for LO70, SFO60 and SFO70 fish relative to CTRL fish. Inclusion of either SFO at levels of 48 and 56 g kg −1 diet has resulted in 22.7% or 28.3% increase in total lipids after 9 weeks feeding, whereas these percentages were 25.4% and 44% for the corresponding LO-fed fish. Muscle ash and moisture contents did not significantly (P > 0.05) altered among dietary treatments. The best nutrient values were reported in SFO50 fed fish (176.4 g CP, Table 4 . Growth and feed utilization indices (mean ± SD) of gilthead seabream fed either LO-or SFO-added diets for 9 weeks. 7.5 a ± 0.5 2 .1 80.6 g TL and 700.5 g moisture kg −1 DM) as compared to CTRL fish (180.4, 71.3 and 700.5 g kg −1 ), followed by LO50 fed fish (Tab. 5).
Muscle fatty acid profile
The effect of feeding incremental levels of either LO or SFO on fatty acids (FA) profile of fish muscles at end of the trial is given in Table 6 . It is clear that FA compositions of muscle lipids are closely related to the dietary fatty acid profiles (Tab. 3). As expected, the amount of total saturated fatty acids (SFA) in vegetable oil-fed fish had progressively increased (P > 0.05), relative to CTRL, with each increase in vegetable oil level in the diet with the highest concentration in LO70/SFO70 fish among all. Percentage increase ranged between 6.8% in SFO50-fed, and 30.3% in LO50-fed fish relative to CTRL fish. Likewise, n-6 PUFA recorded elevated values with each rise in vegetable oil dietary percent, compared to CTRL, particularly for SFO fed groups, with a percentage increase of about 42.5% and 239% for LO50 and SFO50 groups respectively. On the meantime, monounsaturated FA (MUFA) and n-3 LcPUFA had reduced in vegetable oil-fed fish as compared to CTRL fish. A 30.5% or 24.7% reduction in MUFA was recorded in LO50 or SFO50 fish respectively, whereas these percentages were 46.8% or 31% for total n-3 LcPUFA.
As expected, a substantial increase in linoleic acid (LOA, 18:2 n-6) concentration was detected, in vegetable oil-fed fish relative to CTRL, particularly in SFO-fed fish. In this dietary group linoleic acid (LOA) was the most abundant fatty acid of all PUFAs, whereas in LO-fed fish linolenic acid (α-LNA, 18:3 n-3) was the dominant. Percentage increase of LOA was 965% in SFO50 fish, and of α-LNA was 2296% in LO50 fish. In comparison to the dietary LOA and α-LNA concentrations, the level of these FAs in fish fillet was always lower than the corresponding in their diet for all fish groups (Tab. 3).
As expected, total n-3 LcPUFA decreased gradually with each rise in dietary vegetable oil incorporation level. While fish fed the CTRL (100%FO) diet contained the highest concentration of n-3 LcPUFA, those fed the LO70/SFO70 diet contained the lowest level. Both EPA and DHA were significantly (P < 0.05) decreased in vegetable oil-fed fish relative to the corresponding values of CTRL fish. EPA was reduced by 57.1% or 28.5% in LO50 or SFO50 fish respectively, whereas DHA by about 47.1% or 42.6% for the same fish groups each in turn. Moreover, DHA levels in muscle lipids (Tab. 6) were always higher than the corresponding in their diet. On the contrary, LOA and α-LNA content was lower in fish muscles than in diet, regardless of lipid source or inclusion level (Tab. 3). Unexpectedly, a significantly less concentration of DHA was deposited in the muscle with LO70 diet (3.2%) than with SFO70 diet (5.0%). Percentage reduction of arachidonic acid (ARA, 20:4 n-6) was also decreased in SFO50-fed fish (57.4%) and LO50-fed fish (53%) relative to that of CTRL fish.
In general, the best muscle FA profile was that of CTRL followed by SFO50 fish, whereas the worst (lowest n-3 LcP-UFA and MUFA and highest n-6 PUFA and SFA) among all treatments were those of both VO70 groups, particularly the LO70 fish group.
Liver histology
Examination of liver sections from fish fed the experimental diets, for 9 weeks, evidenced a normal histological morphology for only FO-fed fish (CTRL), as well as dietaryinduced changes in hepatic morphology with the graded vegetable oil levels. Hepatocytes (HC) of CTRL fish are hexagonal-shaped with large central nuclei (N) and 1-4 nucleoli within each and contained little lipidic droplets, seen as cytoplasmic vacuoles, corresponding to naturally low lipid content (Fig. 1) . No remarkable dietary effect can be observed when comparing the hepatic histological pattern of either LO50-or SFO50-fed fish (Figs. 2a, 2b) with CTRL fish. However, substantial changes in hepatic morphology were found in VO60 fish, as can be observed on the relatively higher hepatocellular vacuolization, being dispersed in the cytoplasm as large droplets (LV) (Figs. 3a, 3b) . Fish fed the VO70 diets had more voluminous hepatocytes, due to an accumulation of large lipidic droplets within the cytoplasm, and nucleus displaced to cell periphery (Figs. 4a, 4b) . The pyknotic nuclei (PN) and cell organelles shift towards the cell-periphery indicated severe lipid infiltration (steatosis or lipoid liver), particularly for SFO70 fish (Fig. 4b) . As a general observation, dietaryinduced alterations in hepatic histological scenario were more obvious in SFO-than in LO-fed fish at all added levels (40, 48 and 56 g kg −1 diet).
Discussion
Grain sources of lipids have had an extensive amount of research on their application as an alternative to fish oils in aquaculture feeds. Lipid sources from grain resources have an advantage in that there is often abundant, large-scale production at economically viable costs and they are generally free from potential transmissible pathogens . However, despite significant levels of n-3 and n-6 fatty acids being present in these resources, their key limitation is that none of them possess any of the highly bioactive LcPUFA, such as DHA, EPA or ARA (reviewed by Turchini et al., 2009; Glencross, 2009) . Numerous research has been carried out on the substitution of fish oil by vegetable oils within compounded fish feeds, using fishmeal-based diets, high-energy diets or plant-protein rich diets and results were always promising. Linseed oil (LO) is among the most common vegetable oils examined, singly or in combination, in researches for fish feed production including gilthead seabream (reviewed by Nasopoulou and Zebatakis, 2012) , whereas sunflower oil (SFO) was not previously evaluated for the species. However, reports on using sunflower oil in feeds for Atlantic salmon (Salmo salar) (Torestensen et al., 2000; Bransden et al., 2003; Menoyo et al., 2007) and European seabass (Dicentrarchus labrax) (Yieldiz and Sener, 2004) are promising. In the present study, first report, incremental levels of either SFO or LO (40-56 g kg −1 diet) were individually evaluated as partial substitutes to fish oil in gilthead seabream fingerling feeds. Despite the different FO/VO combination of tested diets, all were almost equally consumed by fish, but with a lesser degree for LO-added diets. In terms of growth rate, fish fed the 40 g FO plus 40 g SFO or LO kg −1 diet has performed the best and retained the highest nutrient composition in muscles among all, therefore preferably suggested. However, in terms of cost, a combination of 32 g FO plus 48 g LO or SFO kg −1 diet can be also used with the least consequences on growth, feed utilization and nutrient retention efficiency. This notion is higher than the maximum level of FO-substitution by soybean oil (47%) in gilthead seabream juveniles diet (Kalogeropoulos et al., 1992) and closely resemble to that for cottonseed oil (Wassef et al., 2014) or a blend of soybeen, linseed and cottonseed oils (Wassef et al., 2007 (Wassef et al., , 2009 ).
Under our experimental conditions, the growth rate obtained is considered satisfactory for this size of fish, and are comparable or higher than those previously reported for the species (Beneditto-Palos et al., 2008; Caballero et al., 2004; El-Kerdawy and Salama, 1997; Izquierdo et al., 2003 Izquierdo et al., , 2005 . It is well documented that, partial replacement of fish oil by vegetable would only be possible if essential fatty acids (EFAs) (primarily n-3 LcPUFA) in the diet were present in sufficient amounts to cover fish's need. For gilthead seabream, the minimum requirements for EPA and DHA were estimated to be around 0.9% of the diet (Kalogeropoulos et al., 1992; Izquierdo, 2005) . It is clear, from the fatty acid profile of the experimental diets of this study (Tab. 3) that EPA and DHA amounts are enough to meet requirements for this species. Prior studies have examined the use of LO in gilthead seabream diets, as a partial substitute of fish oil, had reported different inclusion levels associated with the use of both dietary protein and lipid sources. In fishmeal-based diets, 50% and 60% FO-substitution by LO either singly (46% CP and 25% L) or in a blend (46% CP and 18% L) can produce similar results to diets containing 100% fish oil during the grow-out phase of this species (El-Kerdawy and Salama, 1997; Izquierdo et al., 2003; Wassef et al., 2009) . In addition, within a plant protein-rich diets higher ratio of added-fish oil (66%) was substituted by a mixture of vegetable oils, contained LO, without compromising growth performance or feed efficiency of fish (Benedito-Palos et al., 2008) . On the other hand, more higher levels of dietary fish oil substitution up to 70% (equivalent to 56 g LO kg −1 diet) (Present study) or to 80% even in high energy diets (25% lipids) or to 100% in plant protein-rich diets (Benedito-Palos et al., 2008) had all resulted in a remarkably reduced growth rate, feed efficiency and inferior muscle major nutrients content than those fed only-fish oil diet. The reduced fish performance of VO70 fed fish, in the present study, may suggest that n-3 LcPUFA in these diets had dropped to less than 10 g kg
and may have induced an EFA limitation. This result may not necessarily be a reflection on SFO or LO impact, but perhaps more on the level of n-3 LcPUFA that were available in the diet with the highest inclusion level of each. Ibeas et al. (1996) estimated the optimal dietary level of n-3 LcPUFA in juvenile gilthead seabream to be 10 g kg −1 and further increases worsening the performance of the fish. Similarly, Kalogeropoulos et al. (1992) estimated the required n-3 LcPUFA for this species in diets, with approximately 80-100 g kg −1 of lipid, to be approximately 19-23% of total fatty acids. These fatty acids have a sparing effect of protein in fish, and fish need these fatty acids for normal growth and a better feed conversion ratio (Watanabe, 1982) . Ibeas et al. (1997) also found that growth was influenced by the ratio between EPA and DHA, but that optimal growth occurred at a ratio of 2:1 in juveniles or larger fish.
The chemical composition of fish flesh is greatly influenced by fish feed. Lipids in the feeds accumulate in the muscles, viscera and liver after energy metabolism in fish (reviewed by Turchini et al., 2009 ). The present study showed that viscero-somatic index (VSI) calculated from gilthead seabream fed the SFO70 or LO70 diets were significantly higher than that of fish fed only-FO diet, whereas hepatosomatic index (HSI) was almost similar among treatments indicating higher selective certain lipid deposition in the viscera, than in the liver, of vegetable oil-fed fish. This finding in contrast with that reported for European seabass fed SFO among other vegetable oils, and liver was the preferential fat depot than viscera (Yieldiz and Sener, 2004) . Differences in the reported effects on liver, viscera or muscles lipid stores are mainly species specific, but can also result from differences in fish size and the duration of the feeding experiments.
In the present study, as for most fatty acids studies, fatty acids accumulating in the muscle of fish largely reflected that of their respective diets. Distinct differences were noted between the all fish oil-and vegetable oil-added dietary groups particularly in the proportions of LOA and α-LNA and DHA.
The use of LO60/SFO60 diets has altered the nutritional quality of gilthead seabream, reducing the levels of n-3 LcPUFA, primarily EPA and DHA, and increasing levels of LOA and α-LNA (Tab. 6). These results are in accordance with those earlier reported for European seabass, that LAO was found in higher levels in SFO-or soybean oil (SBO)-fed fish than in the other groups (Yieldiz and Sener, 2004) . However, virtually all studies on this species reported changes in the tissue fatty acid composition, most notably a rise in n-6 series fatty acids (reviewed by Glencross, 2009; Nasopoulou and Zebatakis, 2012) . This indicated that gilthead seabream have limited capabilities to convert LOA and α-LNA into EPA, DHA and ARA. These findings are in accordance with those reported by Seiliez et al. (2003) for marine fish in general. However, Izquierdo et al. (2003) suggested possible FA chain elongation and desaturation of α-LNA in this species which might have low levels of Δ 6 and Δ 5 desaturase activity.
The relatively lower concentrations of LOA and α-LNA in fish muscles fed either LO60/SFO60 diet of the present study, compared to their levels within the corresponding diet suggest that gilthead seabream had utilized these fatty acids for oxidation. Furthermore, the increase in the levels of DHA from fish fed diets with low dietary levels of this fatty acid has led to speculate that DHA was selectively retained in fish muscles compared to other fatty acids. Similar observations were also reported for bigger sizes of the species (∼130 g/fish) fed a vegetable oils blend for 20 weeks (Wassef et al., 2009 (Wassef et al., , 2012 and for European seabass (Dicentrarchus labrax) as well (Mourente et al., 2005) . In the present study, the relatively less DHA deposition in the muscle with LO70 diet than with SFO70 diet (Tab. 6), despite their almost equal DHA content, may be due to the different pathway of each diet. Most studies examining the use of alternative oils to fish oil, at certain inclusion level, have shown no reduction in growth, but have shown significant alterations in the fatty acid composition of fish tissues. This fatty acid composition shift has prompted some researchers to suggest the need for 'finisher' diets as a means of restoring the muscle FA profile back to the profile present when the fish were re-fed diets using only fish oil. Therefore, these changes in muscle fatty acid composition after fish being fed a LO or SFO diets can be restored after re-feeding gilthead seabream a fish oil-finishing diet at end of the production cycle, for 90 days or 120 days (Fountoulaki et al., 2009 ).
In addition, both LO and SFO was further evaluated in feeds for other fish species. Bell et al. (1993) evaluated SFO and LO versus FO for Atlantic salmon (Salmo salar) as the added lipid component in a study that examined the phospholipid and eicosanoid chemistry and cardiac health of fish. Fish fed the SFO diet had marked decreases in ARA, EPA and DHA, while fish fed the LO diet had an increased ARA content. These results contradict partially with present study's which revealed a reduction in ARA percent when fish fed either LO-or SFO-diets compared to all-FO diet (Tab. 6). In another study, Bransden et al. (2003) suggested that only 40% of dietary FO of Atlantic salmon could be replaced by SFO before a significant reduction in the flesh concentration of DHA resulted. Menoyo et al. (2007) examined the influence of replacing either FO or LO with SFO in four levels of replacement (0%, 25%, 50% and 75%) in diets fed to Atlantic salmon, and found no differences in growth among treatments, however, lipid digestibility was affected by the level of saturated fatty acids (SFA) in the diet. These earlier studies provide support for the use of either SFO or LO as a complementary lipid resource in Atlantic salmon diets, and the present study additionally in gilthead seabream diets.
Incorporation of vegetable oils in marine fish diets may lead to imbalance in the essential or non-essential FAs, affecting liver tissue integrity (Caballero et al., 2004 ). In the meantime, feeding gilthead seabream over 40 g VO kg −1 diet (SFO60 or LO60 diets), in the present study, has further resulted in dense accumulation of lipid droplets within the hepatocytes, more obvious in SFO-fed fish (Figs. 2 and 3) , different from normal histological structure of CTRL fish liver (Fig. 1) . This phenomenon might be in relation to decreased levels of dietary n-3 LcPUFA. Lipoid livers, due to severe fatinfiltration, were also shown after high levels of LO or SFO intake (LO/SFO70 diets) especially for SFO-fed fish, indicating that dietary lipid exceeded the capacity of the hepatic cells to oxidize fatty acids, or due o protein synthesis impairment (Watanabe, 1982) which resulted in large synthesis and deposition of triglycerides (TAGs) in vacuoles, leading to that morphological pattern known as steatosis or lipoid liver. Results of the present study are in broad agreement with earlier findings in other fish species such as European seabass (Mourente et al., 2005) . They reported that accumulation of lipid droplets in the livers of fish fed LO and rapeseed oil (RO) diets may be due to the preference for specific FAs as energy sources resulting in storage of surplus FAs (e.g. 18:3 n-3 and 18:1 n-9) in lipid droplets. Likewise, this phenomenon is not pathogenic but reversal when fish re-fed a FO-finishing diet (Caballero et al., 2004) and eventually highlighted the importance of n-3 LcPUFA in gilthead seabream feeds.
In conclusion, results of feeding gilthead seabream fingerling diets contained either LO or SFO, in levels ranging between 40 and 56 g kg −1 diet, indicated that both vegetable oils have shown a sound ability to replace added FO, up to 48 g kg −1 diet utmost for further cost reduction, with limited effects on growth and feed utilization, but with notable effects on the fatty acid composition of the fish and liver integrity. A preference for SFO-over LO-diets in terms of growth performance and cost was evidenced and vice versa for liver structure.
